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Presently there is an effort underway to optimize the performance of thin films from low density networks of single wall carbon nanotubes ͑SWNTs͒ because they can be transparent, semiconducting, and flexible. [1] [2] [3] [4] [5] [6] [7] [8] [9] The uniform deposition of SWNT networks [2] [3] [4] [5] has led to thin films with conductance values greater than 5 ϫ 10 −4 ⍀ −1 · ᮀ and transparency above 90%. 1 The main limitation of the devices is the presence of metallic SWNTs in the network which enhances the mobility but leads to a high current in the off state which reduces the on/off ratio. Several methods have been reported to separate the semiconducting SWNTs from metallic ones with limited success. [10] [11] [12] Another approach to separation is to modify the electronic structure of the SWNTs through functionalization with specific molecules or atoms. [13] [14] [15] Recently, preparation of mostly semiconducting SWNTs has been reported using nitronium ions. 16 In addition to nitronium ions, physisorbed bromine, iodine, and diazonium salts have been used to modify the electronic density of states of SWNTs. In this letter, we report chemical functionalization of transparent and conducting SWNT thin films with bromine which leads to dramatic changes in the electrical properties of the SWNTs.
The chemical attachment of Br to the SWNTs was performed on carboxylated SWNTs. It has been known for a long time that graphite can be partially etched by Brodie's reagent, 17 a mixture of azeotropic nitric acid and potassium chlorate ͑KClO 3 ͒, which produces a residual by-product called graphitic acid, a mixture of graphitic islands decorated by COOH groups. We explored the effects of Brodie's reagent on SWNTs at different KClO 3 : SWNT ratios and found 0.75 in weight fraction to be the ideal composition. After etching with Brodie's agent, the recovered SWNTs were treated with phosphorus tribromide ͑PBr 3 ͒ in order to obtain chemically bonded Br functionalized SWNTs. Our process of exposing the SWNTs to acyl bromide functional groups is analogous to the acyl chloride process described by Chen et al. 18 The Br reaction was monitored by means of measuring the decrease in pH due to the released phosphoric acid.
The SWNT thin films were deposited using the vacuum filtration process. 3 The membranes were etched in repeated tetrahydrofuran baths followed by washing in chloroform.
The Br content was determined by x-ray fluorescence ͑XRF͒ spectra by means of the Sherman equation 19 and a KBr calibration sample. We found that the SWNTs contain approximately one Br atom per 20 C sites when functionalized at KClO 3 : SWNT= 0.75. This relatively high amount of Br content can only be accounted for if sidewall functionalization of the SWNTs has occurred. Infrared ͑IR͒ spectra ͑not shown here͒ revealed peaks at 500-700, 1000-1100, and 1600 cm −1 , which are consistent with C-Br, activated C-C, and C v O bond stretching vibrations in C-COBr groups. 20 The scanning electron microscopy ͑SEM͒ images of the brominated SWNT thin films deposited at three different concentrations are shown in Fig. 1 . The SWNT density on the surface is observed to increase with nanotube concentration in the suspension, as expected. The Raman spectra of purified but undoped and Br doped SWNT thin films are shown in Fig. 2 . The absence of significant D-peak broadening and the presence of Raman radial breathing modes after functionalization demonstrate that the skeleton of the SWNTs remains undamaged during the process. The changes in intensity and peak position of the Raman radial breathing modes along with up shift in Raman G peak ͑from 1592 to 1605 cm −1 ͒ recorded at 514.5 nm excitation indicate that the electronic structure of the SWNTs has undergone a dramatic change after Br functionalization.
14 Furthermore, it can be seen that the metallic feature in the G peak is suppressed in the Br doped SWNT sample compared to the undoped one.
The sheet conductivity ͑͒ versus the relative nanotube fraction ͑⌽͒ for Br doped and undoped SWNT thin films is plotted in Fig. 2͑b͒ . The trend of the nonbrominated films can be fitted by the expression
which is typical of network of sticks above the percolation threshold ͑⌽ C ͒. We observe from Fig. 2͑b͒ that, any given fraction ͑⌽͒ of SWNTs, the Br doped SWNT films sit above the line determined by Eq. ͑1͒. Also such increase in conductivity can be understood within the percolation theory. Indeed Eq. ͑1͒ can be adapted to describe the conductivity of brominated films by replacing 0 = 1. network, this shows that the conductivity of the individual Br doped tube is higher.
We also performed spectroscopic ellipsometry in order to gain insight into the density of states ͑DOS͒ of Br doped SWNT thin films. The complex refractive index of the Br doped SWNT thin films is shown in Fig. 2͑c͒ . Both the real and imaginary parts of the complex dielectric function exhibit a small but distinct feature at photon energy, E Br-* = 2.9 eV, which is not present in nonbrominated samples prepared at the same SWNT density. The presence of this peak indicates the creation of additional electronic states in the brominated SWNTs. In order to investigate the significance of this peak and reconcile the increase in semiconducting character predicted by Raman with conductivity increase, we performed ab initio density functional theory simulations using local spin density approximation for the exchangecorrelation term. 21 180 k points were used along the tube axis to determine the DOS. Simulations were carried on ͑11,0͒ and ͑12,0͒ undoped SWNTs and unrelaxed SWNTs with sidewalls functionalized by acyl bromide ͑COBr͒ groups, in agreement with the IR results. The C:Br ratio in simulated nanotubes was 20:1.
The simulated DOS of the undoped and Br doped metallic ͑12,0͒ SWNT are shown in Fig. 3͑a͒ . In metallic SWNTs, three main effects related to the attachment of Br are found from calculations: ͑i͒ the downshift of the Fermi level toward the valence band due to draining of electrons toward the highly electronegative Br sites, ͑ii͒ the appearance in both semiconducting and metallic SWNTs of a Br-related acceptor peak above the Fermi level, and ͑iii͒ a significant decrease of the DOS at the midgap in metallic SWNTs. These effects are schematically indicated in Fig.  3͑b͒ . Thus, from these simulation results we assign the Br-related peaks observed in ellipsometry at 2.9 eV to p → * electronic transitions between the low-energy acceptor states ͑p͒ near the Fermi level and the * DOS band of the SWNT network. This allows us to reconstruct the DOS and the optical transitions occurring in our Br-doped films, as shown in Fig. 3͑b͒ .
Thus, based on our simulations results we can reconcile the decrease in the metallic character found in Raman and the increase in the sheet conductivity for brominated SWNT thin films in the following manner. First, since Br is a highly electronegative element, it effectively localizes free electrons in the metallic SWNTs so that a small energy barrier is required for delocalization. This phenomenon essentially changes the character of metallic SWNTs into semimetallic, suppressing the Fano resonance feature in the Raman spectrum, as shown in Fig. 2 . Second, the additional states introduced near the Fermi level do not directly contribute to the overall conductivity but rather they behave as acceptor levels. Therefore, the movement of the Fermi level toward the valence band increases the amount of holes at the band edge, leading to a transport mechanism comparable to that of a doped semiconductor.
Thin film transistors ͑TFT͒ characteristics from undoped and Br-doped SWNTs are shown in Figs. 4͑a͒ and 4͑b͒ , respectively. The mobility and on/off ratio of the devices from undoped SWNTs were 0.04 cm 2 / V s and 15, respectively. Our transistor characteristics are somewhat lower than those reported in the literature which could be attributed to bundling of SWNTs during the filtration process. However, devices from Br doped SWNTs show a significant improvement in the mobility ͑ Ϸ 5 cm 2 /V s͒ and on/off ratio ͑200͒. We observe that Br functionalization allows the fabrication of devices with thin films deposited at much higher SWNT density. It is generally accepted 1 that the performance of dense SWNT TFTs is limited above a critical density by the percolation threshold of the metallic SWNTs. That is, high on/off ratios generally result in mobility values of typically around 0.1-1 cm 2 / V s, while high mobility values result in devices with on/off ratios of around 10-100.
Thus, our results indicate that Br attachment eliminates the limitations of previous SWNT thin film transistors be-FIG. 1. ͑Color online͒ ͑a͒ SEM images of SWNT thin films at concentrations of ͑a͒ 0.5 ml/ g, ͑b͒ 1 mg/ l, and ͑c͒ 2 mg/ l. The filtration volume was kept constant at 50 ml.
FIG. 2.
͑Color online͒ ͑a͒ Raman spectra of undoped and fully Br doped SWNT thin films. The Fano resonance peak is significantly diminished in the Br doped films in comparison to the undoped material. ͑b͒ Sheet conductivity vs the relative SWNT fraction. The conductivity of the Br doped thin films has been substantially improved and the mechanism deviates from the percolation relationship followed by the undoped samples as indicated by the lines. ͑c͒ Complex dielectric function of doped and undoped samples measured using spectroscopic ellipsometry showing the acceptor peak at 2.9 eV in bromine doped SWNTs.
cause the amount of extended electronic states in the metallic SWNTs is strongly depleted. Furthermore, the downshift of the Fermi level and the presence of acceptor states just above such a level facilitate the formation of holes in the valence band at finite temperature. We therefore conclude that, in Br doped thin films, the electrons in metallic SWNTs are not only confined but they are also reactivated by bromine, since they actually behave as p-type semimetallic elements. More importantly, the depletion of midgap electron states allows the fabrication of transistors at higher SWNT density which in turn increases the mobility without lowering the on/off ratio. We also argue that our device characteristics could be further improved through better dispersion of our SWNTs.
Physisorbed bromine doping is recognized as highly unstable. We argue that our functionalization method is more stable because the Br is chemically attached to the SWNTs. In order to verify this, we have investigated the stability of our Br functionalized devices by measuring their performance in different atmospheres. Figures 4͑c͒ and 4͑d͒ compare the gate scans of the undoped and Br doped devices, respectively. In contrast to devices from purified SWNTs, no clear environmental effect is detectable in Br doped transistors indicating that these devices are stable.
In conclusion, we have described how attachment of Br to SWNTs leads to profound changes in the electrical properties of transparent and conducting SWNT thin films. We show that the increase in conductivity and the decrease in the metallic character from Raman in the brominated SWNT thin films can be reconciled through the appearance of acceptor peak and a decrease in the DOS at the Fermi level. The TFTs fabricated from Br doped SWNTs performed better in terms of mobility and on/off ratio due to the suppression of metallic nanotubes. Furthermore, chemical bonding of Br to SWNTs allows the fabrication of stable devices, in contrast to undoped devices which unstable in vacuum and nitrogen due to the evolution of phsysisorbed oxygen. 
